CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) and cystic fibrosis (CF) are airway diseases that are characterized by airflow limitation and a progressive loss of lung function (127, 130, 159) . CF is an autosomal recessive disease and affects ϳ70,000 people worldwide. COPD is caused by both environmental and genetic factors and affects more than 64 million people in the world (http://www.who.int/mediacentre/ factsheets/fs315/en/). The leading risk factor for COPD is cigarette smoking (95) , and presently there are more than 1 billion cigarette smokers worldwide (http://www.who.int/ mediacentre/factsheets/fs339/en/). Most COPD patients have smoked for more than 20 years. Male smokers are 12 times more likely to die from COPD compared with men who do not smoke (2) . Furthermore, a large population is exposed to secondhand smoke, which is associated with considerable morbidity both in adults and children (1) . Other causes of COPD include occupational exposures to dust, chemical fumes (ϳ15-20% of the cases), and genetic factors such as mutations in the ␣ 1 -antitrypsin gene (ϳ3%) (94) . As would be predicted, ␣ 1 -antitrypsin gene mutations exacerbate the progression of COPD in smokers (112) .
The symptoms of COPD involve airflow limitation, strong inflammatory responses, and protease imbalance (107) . Approximately two-thirds of patients with COPD exhibit chronic bronchitis, characterized by excess mucus production and recurrent cough. Chronic bronchitis displays the classic features of the CF respiratory phenotype, which include mucus accumulation (12, 117, 127) , chronic bacterial infections, and persistent neutrophilic airway inflammation (134, 140) . Mucus hypersecretion and stasis directly contribute to bacterial infections and subsequent inflammatory responses in COPD and are therefore considered a major contributor to lung function decline seen in these patients (64, 65, 153) . The other main symptom of COPD is emphysema. Most COPD patients present a combination of emphysema and inflammation with a relatively high incidence of bronchiectasis (51, 91) . Although the bacterial pathogens found in COPD lungs differ from those found in CF patients, it is important that the lung tissue microbiome is altered in both conditions compared with control subjects (144) . Furthermore, lower airway mucus obstruction is present in both diseases (24, 39, 96, 99) , leading to an accelerated loss of lung function. Even COPD patients with emphysema but without chronic bronchitis display mucus obstruction in the small airways (63, 64, 154) .
The Roles of Proper Sodium and Chloride Transport in the Regulation of the Airway Surface Liquid
Because of the similar symptoms of CF lung disease and COPD, it is tempting to consider a common factor that can be affected by both cystic fibrosis transmembrane conductance regulator (CFTR) mutations and environmental insults. Indeed, physiological respiratory functions are tightly linked with epithelial ion and water transport pathways (80) . Ion channels that regulate Na ϩ and Cl Ϫ transport in the lung are required for the proper hydration and ionic composition of airway surface liquid (ASL). For Cl Ϫ transport, CFTR is the primary apical ion channel in the lung epithelium. In fact, CFTR was one of a number of candidate genes suggested as a risk factor for COPD (82) . Inhibition of CFTR function has been shown to reduce ASL thickness and hydration, ciliary beat frequency, and mucociliary clearance and results in decreased clearance of respiratory pathogens (38) . Interestingly, however, Cftr knockout mice lack respiratory pathology, suggesting that alternative Cl Ϫ channels in the murine lung may compensate for the loss of CFTR (35) . Increased Na ϩ absorption through epithelial sodium channels (ENaC) in the proximal airways of CF patients was proposed more than three decades ago by Knowles et al. (73) when they reported a higher in vivo nasal and tracheobronchial potential difference in CF patients than in normal volunteers (73) . Furthermore Jiang et al. (68) demonstrated that confluent monolayers of airway cells from patients with CF had higher levels of amiloride-sensitive Na ϩ reabsorption compared with those from normal individuals (68) . In vitro studies in human airway epithelial cells indicate that CFTR regulates the functional and surface expression of ENaC (128) . ENaC activity has been shown to be inversely correlated to predicted CFTR levels, and, more importantly, CFTR heterozygous and homozygous knockout mice have higher levels of proteolytically processed ENaC subunit levels in the lungs (77) . Interestingly, the ␤-ENaC transgenic mouse, which overexpresses ␤-subunit of the sodium channel, develops CFlike lung disease (88) and therefore serves as a model for both CF (86) and COPD (88) . Furthermore, complete loss of CFTR in the ␤-ENaC mouse has been shown to exacerbate the extent of lung injury (81) . Interestingly, overexpression of transgenic human CFTR in the lung fails to correct the ␤-ENaC mouse lung disease (56) . This is consistent with another report demonstrating that elevations in ENaC activity caused by ␤-subunit mutation exhibit CF-like symptoms (121) . However, it needs to be emphasized that the CF pig model [Cftr Ϫ/Ϫ ] with normal ENaC function still develops lung disease, suggesting that enhanced ENaC function is not necessary for the development of the CF respiratory phenotype in this model (30, 38) ]. Thus ENaC overexpression contributes to abnormal mucus rheology and may result in significant pathology due to mucus stasis and airway obstruction. However, whether this occurs in patients with CF and COPD disease needs to be determined. This short summary clearly demonstrates that the causative roles of chloride and sodium transport in the development of the CF lung disease and COPD remain controversial. What is clear is that a disturbance in the delicate balance between Na ϩ reabsorption and Cl Ϫ secretion may contribute to alterations in the thickness and/or ionic composition of the ASL with pathological consequences. Because of their location, airway epithelial cells are exposed to large concentrations of environmental pollutants including cigarette smoke. Indeed, studies from several laboratories have demonstrated that sustained exposure to cigarette smoke, or cigarette smoke extract, containing reactive intermediates (free radicals) reduces CFTR expression and function (16, 21, 26, 36, 138) . Considering the experimental data available to date and space limitations, we opted to concentrate on the role of CFTR in the development of the COPD and CF respiratory disease. We also discuss how therapies directed toward augmenting CFTR function may decrease the severity of COPD.
CFTR and Cystic Fibrosis
CF is an autosomal recessive disorder caused by mutations in the CFTR gene (reviewed in Ref. 127) . CFTR is a cAMPactivated anion channel expressed on the apical surface of a number of epithelial cell types including airway cells. CFTR belongs to the ATP-binding cassette (ABC) family of transporters and is composed of two halves that are connected by a regulatory domain. Each half consists of six transmembrane segments and a nucleotide-binding domain.
More than 1,900 mutations have been identified in the CFTR gene. The most common mutation, loss of phenylalanine at position 508 (F508del), is found in ϳ90% of the patients with CF. This mutation yields a CFTR protein that is retained in the endoplasmic reticulum and degraded. Similarly, another mutation, G551D, yields a protein that is transported to the cell surface but is unable to transport anions and thus has a channel-gating defect. Only six other mutations have a frequency of greater than 1% in the CF population (G542X, W1282X, G551D, 621 ϩ G¡T, N1303K, and R553X) (157) . The loss of CFTR function results in altered exocrine secretion and pathological changes in the airways, gastrointestinal tract, pancreas, sweat glands, hepatobiliary system, and genital tract. Although there is no cure for CF, current therapies, particularly with regard to the gating mutants (G551D and others), are highly effective toward augmenting CFTR function and improving clinical outcome (5, 48, 120, 151) . The leading cause of death in CF is respiratory failure caused by persistent airway infections, exaggerated inflammatory responses, and bronchiectasis. Loss of CFTR function leads to viscous secretions of the exocrine glands in multiple organs and results in chronic lung infections, recurrent wheeze, bronchiectasis, nasal polyposis, chronic sinusitis, cor pulmonale, reduced exocrine pancreatic functions, and inadequate intestinal absorption (127) . The gastrointestinal symptoms are generally well controlled with modern therapy, whereas the respiratory symptoms persist and lead to progressive respiratory failure.
Mucociliary Clearance Defects in CF and COPD
Compromised mucociliary clearance is a central feature of the respiratory pathology both in CF and COPD. A breakdown in this component of the innate immune response results in inefficient removal of inhaled chemicals, particles, and pathogens from the airways and contributes to chronic inflammation (for a review see Ref. 80) . Airway surfaces are coated with a thin mucous fluid layer called the ASL. The ASL is continuously being transported toward the pharynx by ciliary move-ments. Both the composition of the ASL and efficient ciliary action are critical for cleansing the airways for maintaining normal respiratory function (80) . Pathogens bind to the surface mucus layer, whereas the underlying fluid, the periciliary layer (PCL), is necessary to support ciliary beat (53, 80) . Under physiological conditions, the PCL is the same height as the cilia (ϳ7 M). A common feature of COPD and CF is that the PCL height is reduced in experimental models (Fig. 1) , leading to compromised mucus clearance (23, 36, 138) and chronic bacterial infections (22) . The reduction in ASL height has been attributed to sodium hyperabsorption caused by dysregulated ENaC function (22, 23, 84, 85, 87) , although it is possible that the reduction of CFTR-mediated chloride secretion may be sufficient to mediate this effect. Other reports, however, disagree whether the ASL height is affected in CF (30, 44) . Nevertheless, recent studies indicate that newborn pigs lacking CFTR (Cftr Ϫ/Ϫ ) do not present enhanced ENaC function but develop airway pathology similar to CF (30) . In addition, the Fig. 1 . Environmental effects on airway surface liquid and therapeutic approaches for correcting these defects. Chronic obstructive pulmonary disease is often caused by years of cigarette smoke or exposure to environmental pollutants. These environmental insults lead to decreases in the periciliary layer (PCL) that lines the lungs and increases in mucus production that lead to compromised bacterial clearance, hyperinflammatory responses, and chronic bacterial infections. Mounting evidence also suggests that ion channels, including the chloride channel defective in cystic fibrosis, are decreased in cigarette smokers. Potential therapies are directed toward 1) breaking up the elevated mucus with mucolytics, 2) treatments with antioxidants to diminish the harmful effects of free radicals, 3) the use of bronchodilators and corticosteroids to open up the airways and decrease inflammation, and, most recently, 4) the concept of increasing chloride channel function to increase airway hydration. majority of studies agree that mucociliary clearance is compromised in CF through the loss of CFTR function.
Inflammatory Responses in CF and COPD
Both CF and COPD are characterized by recurring bacterial and viral infections that activate innate immune responses and promote mucus cell hyperplasia, recruitment of neutrophils and macrophages, and activation of the unfolded protein response (UPR) (for a review see Ref. 123) . There is also evidence that UPR markers such as the endoplasmic reticulum resident chaperone, the binding immunoglobulin protein (BiP, hsp70, grp78) and protein disulfide isomerase (PDI) are elevated in lung samples from smokers (72) . Although it is not clear how smoking induces the UPR (123), the reactive species present in cigarette smoke could lead to oxidative stress and induction of the UPR (70) . Cigarette smoke has also been shown to elevate IL-8, a neutrophil chemoattractant, by increasing IL-8 mRNA stability (98) . Furthermore, T cell responses have been shown to be important in COPD. Podolin et al. (113) found that T cell depletion in a mouse model of COPD inhibited alveolar destruction caused by chronic cigarette smoke exposure. Cigarette smoke has been shown to induce reversible changes in energy metabolism and the cellular redox status that are not related to the inflammatory responses in mouse lung (6) . In these studies, microarray analysis in mouse lungs after exposure to cigarette smoke for 8 wk revealed that genes involved in metabolism, mitochondrial function, and redox regulation were all upregulated compared with controls (6). Other important proteins, however, are downregulated in response to cigarette smoke. Histone deacetylase 2 (HDAC2) regulates a number of important cellular processes including inhibiting inflammatory responses and is posttranslationally modified by oxidative stress caused cigarette smoke exposure. This leads to HDAC2 reduction in patients with COPD, and loss of this protein exacerbates the clinical pathology of this disease (reviewed in Ref. 162) .
Reduced ASL pH has been shown to impair bacterial killing in the CF pig model (110) . This suggests that the initial insult in CF is caused by loss of bicarbonate transport across CFTR and leads to reduced ASL pH (110) . Impaired bacterial killing and/or clearance would certainly exacerbate the symptoms by amplifying the inflammatory response, which in turn would activate the UPR (123) . Furthermore, cigarette smoke and the reactive species present in cigarette smoke (see Effects of Cigarette Smoke on Anion Transport) have been shown to activate the UPR (123), leading to decreased CFTR expression and function (13, 14, 22, 116, 117) . The exaggerated inflammatory responses sustain the UPR and lead to apoptosis, tissue injury, fibrosis, and a continuous decline in lung function (33) . Toll-like receptor 4 (TLR4) has been shown to provide a protective effect against emphysema-like changes in the lung after exposure to cigarette smoke since TLR4-deficient mice show more cigarette smoke-induced autophagy compared with controls (10) .
Interestingly, it has been proposed that loss of CFTR function itself leads to lung inflammation (109). Perez et al. (109) showed that treatment of primary cultures of polarized human tracheal epithelial cells with a specific CFTR inhibitor, CFTR inh -172, for 5 days mimicked the inflammatory profile seen in CF patients and included an increase in IL-8 secretion.
Because removal of the inhibitor reversed this effect, it suggested that loss of CFTR activity was responsible for the inflammatory cascade observed in CF (109) . The elevated levels of secreted IL-8 in CF results in neutrophil recruitment and a subsequent increase in inflammation that exacerbates the problem (18, 33) . Further support for the importance of CFTR in maintaining the physiological environment of tissues comes from studies on the pancreas of newborn CF pigs that indicate the presence of increased neutrophil, macrophage, and lymphocyte infiltration in dilated acini and in the interstitium, without an apparent bacterial infection. This suggests the proinflammatory nature of mucus stasis itself (3). Despite these reports, whether loss of CFTR itself or the subsequent infection promotes the inflammatory response remains controversial. For example, a recent in vitro study demonstrated that airway epithelial cells expressing ⌬F508 mount a less pronounced inflammatory response to Pseudomonas aeruginosa (59) compared with cells expressing the wild-type protein. Furthermore, lung infection preceding the onset of inflammation has been reported in CF pigs (143) .
CF Therapies
Considering the monogenetic nature of CF, gene replacement therapy showed great promise in the 1990s. However, progress in gene therapy has been much slower than anticipated (55) . Alternative approaches have included highthroughput screens to identify small molecules that promote either 1) F508del CFTR rescue and delivery to the cell surface (108), 2) read-through of premature stop mutations to override nonsense mutations and help translation to produce full-length proteins (e.g., G542X, W1282X, etc.) (160), or 3) potentiation of channel-gating mutations such as G551D (151) . The last class of compounds is particularly interesting since drugs such as ivacaftor (formerly VX-770) that potentiate the activity of CFTR mutants that have channel-gating defects have also been shown to dramatically increase the channel activity of wildtype CFTR (138, 151) . Channel-gating mutations reach the apical cell surface but fail to conduct ions in response to elevations in cAMP (164) . Ivacaftor has been shown to be a very effective activator of all of these CFTR mutant variants (164) . Unfortunately, only ϳ5% of the CF cases consist of gating mutations, even including the 10 newly identified mutations (164) . However, considering that ivacaftor potentiates wild-type CFTR also, this drug may be beneficial in acquired CFTR deficiencies such as COPD that have decreased wildtype CFTR activity.
CFTR mutations are known to play a causative role in a number of other diseases including recurrent idiopathic pancreatitis (37, 135) , congenital bilateral absence of vas deferens (115) , bronchopulmonary aspergillosis (78), chronic sinusitis (83) , and idiopathic bronchiectasis (54, 111) . The fact that even mild CFTR dysfunction contributes to disease pathology supports the hypothesis that decreases in wild-type CFTR activity, if severe enough, could have detrimental effects and contribute to disorders such as COPD.
Effects of Cigarette Smoke on Anion Transport
Inhaled tobacco smoke consists of gas and solid (tar) phases. The gas phase contains very high concentrations of short-lived reactive intermediates such as superoxide, hydrogen peroxide, and nitric oxide, and a very large number of volatile compounds (150) . The reactive species in cigarette smoke are detoxified by antioxidants (ascorbate and reduced glutathione) in the respiratory epithelial lining fluid. When antioxidants are depleted, reactive species interact with biological targets on respiratory epithelial cells. The solid phase of gas smoke (tar) contains very high concentrations of stable free radicals such as semiquinones, hydroquinones, and carbon-centered free radicals (114) . Cigarette tar can produce large amounts of H 2 O 2 in aqueous extracts (101) , cause the release of iron, and lead to the production of hydroxyl radicals (97) . In addition, cigarette smoke and reactive intermediates have high inflammatory potential and promote recruitment of activated inflammatory cells in the lung interstitial and air spaces, which further contribute to tissue injury (118) . Recent studies by Thatcher et al. (148) showed that Neu-164 and Neu-107, two small molecule inhibitors of myeloperoxidase and potent antioxidants, inhibited cigarette-induced inflammation through scavenging reactive oxygen species and reducing the accumulation of inflammatory cells.
In 1983, prior to the identification of the CFTR gene, Michael Welsh demonstrated that cigarette smoke inhibited anion transport in canine tracheal epithelium in vitro and in vivo and first suggested that this effect might explain the abnormal mucociliary clearance and airway disease seen in cigarette smokers (158) . Cantin and colleagues (26) tested the effects of cigarette smoke exposure in human airway cells (Calu-3) and demonstrated that CFTR expression and function were decreased by cigarette smoke. Using nasal potential difference (NPD) measurements, they demonstrated that healthy smokers without CFTR mutations displayed an NPD pattern consistent with CFTR deficiency. More importantly, they made the initial suggestion that this could contribute to the pathophysiology of chronic bronchitis seen in cigarette smokers (26) . In more recent studies, Kreindler and colleagues (75) demonstrated that cigarette smoke extract inhibited chloride secretion and increased mucin secretion in human bronchial epithelial cells and suggested that this ion transport phenotype was similar to that of CF epithelia. Rowe, Dransfeld, and colleagues confirmed that CFTR dysfunction is present in smokers with and without COPD in the nasal airway (138) and lung (46) , establishing the presence of abnormal chloride transport in individuals with clinical disease. Furthermore, in both the nose and lung, CFTR dysfunction was associated with chronic bronchitis, indicating the clinical relevance of the findings (46, 138) . Tarran and colleagues (36) showed that cigarette smoke exposure induces CFTR internalization and delivery to an aggresome-like compartment and that loss of CFTR results in ASL volume depletion and mucus dehydration. ASL dehydration caused by smoke exposure was also shown by Rowe and colleagues (138) , which caused delayed mucociliary transport in vitro. Both groups suggested that these effects contribute to the development of chronic bronchitis that is frequently seen in smokers (36, 138) .
To better understand the mechanisms by which smoke alters CFTR function, a number of investigators exposed epithelial cells to reactive species and assessed their effects on CFTR function. Regulation of CFTR by nitric oxide (NO) and its congeners is complex: whereas S-nitrosation (i.e., addition of a nitrosonium to a reduced cysteine) of CFTR increases maturation and function of both wild-type and ⌬F508 CFTR (165, 166), glutathionylation, oxidation, and nitration of CFTR are associated with loss of function and decreased levels of CFTR (16, 156) . In addition, activation of cGMP-dependent protein kinase type II (PKGII) is associated with phosphorylation of CFTR and increased Cl Ϫ secretion across intestinal and airway cells (42, 149) . However, other studies have shown that cGMPdependent phosphorylation of CFTR in airway cells was not associated with increased activity as a Cl Ϫ channel (17) . In a series of studies, Matalon and coworkers (31, 32) showed that very small concentrations of NO (generated by NO donors) stimulated Cl Ϫ secretion across Calu-3 cells by stimulating CFTR activity via cGMP-dependent mechanisms. The NOinduced increase in the Cl Ϫ current was reversed by addition of two phosphatases, suggesting that phosphorylation of CFTR by cGMP may be responsible for the CFTR activation. Indeed PKGII, but not PKGI, phosphorylated CFTR immunoprecipitated from Calu-3 cells in vitro (31) . Furthermore, measurements of NPD in anesthetized mice showed that perfusion of the nares with an NO donor compound, (141) showed that acute increases of left atrial pressure stimulated eNOS that resulted in decreased Na ϩ absorption and increased Cl Ϫ secretion that led to pulmonary edema (141) . In contrast to the acute changes caused by NO, more prolonged exposures to reactive intermediates inhibits CFTR function. Exposure of confluent monolayers of Calu-3, 16HBE, or mouse tracheal epithelial cells to low levels of NO generated by DETANONOate decreases CFTR expression and Cl Ϫ secretion in response to cAMP. These changes were found to be due to posttranslational modification of CFTR by reactive oxygen nitrogen intermediates. All of these studies suggest that exposure to reactive species compromises CFTR function (16, 69) .
Treatments for COPD
COPD is among the most common causes of death worldwide and current pharmacological treatments offer no significant benefits concerning disease outcome (89, 100, 117). Although smoking cessation is essential to slow the progressive decline of respiratory function in COPD, novel treatments are necessary for both current and ex-smokers to reduce disease progression. The need for new COPD therapies is obvious, despite clear evidence that cigarette smoking is a major contributing and modifiable risk factor (71, 92) . Fortuitously, it is very significant that improving COPD outcome leads to increases in the function of other organ systems, including the kidneys and heart (8) .
The obvious first step in COPD treatment is smoking cessation. However, many COPD patients continue to suffer from chronic bronchitis (90) , most likely due to irreversible functional and anatomic changes. Bronchodilators, frequently in combination with inhaled corticosteroids, remain the mainstay of treatment (Fig. 1) . Although these treatments usually reduce the number of acute exacerbations, improve dyspnea, and increase quality of life, they do not significantly improve the mortality associated with COPD (25, 47, 147) . Furthermore, inhaled steroids enhance the risk of pneumonia and have no effect on mucus obstruction or its clearance (40, 47, 137) . Supplemental oxygen, although life saving in those who are hypoxic, does not alter COPD pathogenesis.
The connection between therapeutic approaches for CF and COPD has frequently involved the repurposing of agents used in one disease for treatment of the other. For example, intravenous corticosteroids during acute exacerbations of respiratory inflammation (45, 104) , chest physiotherapy (28, 60, 93) , and chronic administration of azithromycin (9, 131) have been shown improve the symptoms in both patient populations. An important exception is that dornase alpha, which clinically improves lung function and acute respiratory exacerbation frequency in CF patients (34) , was found to be harmful in COPD patients (105) . Nonantibiotic macrolides have also been suggested to limit human neutrophil activation of ENaC in both CF and COPD and may improve mucus stasis by limiting airway surface liquid depletion (146) .
Mucus hypersecretion and stasis directly contribute to bacterial infections and subsequent inflammatory responses in both diseases and are therefore considered causative for the lung function decline seen in both patient populations (64, 65, 125, 153) . Current mucolytics, however, have provided only marginal benefits with the exception of N-acetyl-cysteine and carbocysteine in some COPD patients (43, 52, 103, 167) . This last example points to the involvement of reactive intermediates in disease progression. The lack of efficacy provided by mucolytics has been attributed to poor bioavailability and failure to deliver the drug to the distal airways where mucus obstruction is observed (19, 124, 126, 129) . A novel approach that targets the small airways could overcome these limitations and improve mucus stasis, decrease airway obstruction, and inhibit lung function decline.
The limited benefit of mucolytic therapy in COPD patients supports an obvious need for alternative therapies to combat mucus stasis (50) . The discovery of potent CFTR activators such as ivacaftor for CF patients with CFTR mutations leading to functional defects such as G551D and the observed CFTR dysfunction seen in COPD patients prompted some investigators to test the compound for both disorders (138) . Nevertheless, ivacaftor effectively recovered the cigarette smoke-induced CFTR functional defect and partially restored ASL depth and mucociliary clearance in airway epithelial cells (138) . Given that the Cl Ϫ conductance defect was CFTR specific (138) and most COPD patients do not have mutations in their CFTR gene, pharmacological approaches aimed at enhancing wild-type CFTR activity could be potentially beneficial in COPD by addressing mucus accumulation through a systemic, rather than an inhaled route. There are, however, limitations to this type of approach and presumably other medications including bronchodilators would still be required.
The use of CFTR potentiators or any drugs that affect CFTR expression and/or function are certainly not expected to correct all of the defects associated with COPD. However, they may be particularly helpful in COPD patients that exhibit CFTR dysfunction and manifestations of delayed mucociliary clearance such as those with chronic bronchitis. In contrast, those with emphysema or other irreversible lung remodeling are much less likely to benefit. It is also important to examine how persistent the loss of CFTR is after smoking cessation to understand the long-term consequences of CFTR dysfunction in COPD. Although smoking has a profound effect on CFTR expression immediately after exposure (36) , it is unclear how long or how profound this effect lasts. Are there chronic effects that cannot be reversed with cessation? Previous studies suggest recovery of CFTR function in the nose following at least one year of smoking cessation (138) , whereas the lung may be slower to recover (46) . These and other concerns need to be considered. Although CFTR potentiators may be especially useful for those patients with reduced CFTR activity even in the absence of congenital mutations of the CFTR gene, they may not be efficacious in patients with extremely low levels of surface CFTR expression, in patients with other ion transport abnormalities, or in those without cigarette smoke-induced injury, such as individuals with ␣ 1 -antitrypsin gene mutations. Would enhancing CFTR function reverse the effects of ENaC overactivity? Clearly in a complex disorder such as COPD increasing CFTR function is just one aspect to test of many alternative strategies. In that regard, some CF therapies such as chronic azithromycin have translated well in COPD patients (9) , whereas others like dornase alpha have not, emphasizing that important differences in the pathogenesis of these two diseases can affect the success of mechanism-based therapeutics. With this in mind, until CFTR potentiators or other ion transport strategies are tested in patients, this type of therapy will remain speculative.
Alternative Chloride Channels (Calcium-Activated Chloride Channels)
One potential therapeutic approach to treat CF has been to stimulate alternative chloride channels in airway epithelial cells (168, 169) . One promising candidate is the transmembrane protein 16A [TMEM16A; also called anoctamin 1 (ANO1)]. TMEM16A is a calcium-activated Cl Ϫ channel that is activated by intracellular calcium and calcium-mobilizing stimuli (27, 133, 161) . TMEM16A was identified in 2008 and predicted to have eight transmembrane domains and activated by G protein-coupled receptors (GPCRs) (161) . A number of GPCRs can activate Ca 2ϩ -dependent Cl Ϫ currents including ATP, acetylcholine, and histamine (76) . For that reason, purinergic receptor activation (P2Y) has been tested as a therapeutic approach in CF (4, 163) .
Given the properties of TMEM16A as an alternative chloride channel, Veit et al. (152) tested whether activation of TMEM16A could reduce the expression of proinflammatory cytokines IL-6, IL-8, and CXCL1/2 in two human airway epithelial models (152) . Their results indicated that direct activation of TMEM16A with a small-molecule activator, activator F, inhibited IL-8 secretion in a human CF bronchial epithelial cell line (CFBE), whereas P2Y receptor agonists did not. These data suggest that direct activation of the channel was necessary for this effect (152) . Using an inducible expression system, Veit et al. demonstrated that wild-type CFTR expression could also attenuate proinflammatory cytokine secretion, whereas G551D CFTR could not, indicating that chloride channel activity was necessary for this effect (152) . Veit et al. suggest that the inability to activate TMEM16A with a P2Y receptor agonist may explain the limited efficacy of denufosol (152) in a 24-wk Phase 3 clinical trial for CF patients (4). However, despite considering TMEM16A as an alternative target, TMEM16A is only a minor component of calcium-activated chloride channel activity in airway epithelial cells (102) .
CFTR is a major chloride channel in airway epithelium and its expression is inhibited by cigarette smoke. However, the effects of cigarette smoke on calcium-activated chloride channels remained unknown until recently. Using primary murine nasal septum epithelial cells and human sinonasal epithelial (HSNE) cultures, Virgin et al. (155) monitored P2Y purinergic receptor activation with UTP or ATP along with simultaneous inhibition of CFTR (152) . These results indicated that cigarette smoke extract inhibited calcium-activated chloride channels in sinonasal epithelial cultures. Therefore, both CFTR and calciumactivated chloride channels are compromised by cigarette smoke extract in the airways (155) , suggesting a severe chloride/bicarbonate transport defect.
MicroRNA Networks in COPD
Smoking undoubtedly affects gene expression in human airway epithelium (15, 29, 49, 58, 61, 142) , and at least part of these changes can be attributed to differential expression patterns of microRNAs (miRs) (49, 132) . miRs are noncoding RNAs that posttranslationally downregulate gene expression by inhibiting translation or degrading mRNA (79) . Animal studies using mice and rats indicated that the expression of a number of miRs is decreased in response to smoke exposure (66, 67) , suggesting an increase in mRNA and protein of the miR targets. In human studies, Schembri et al. (132) compared whole-genome miR and mRNA expression in bronchial airway epithelium between smokers and nonsmokers and found that 28 miRs were differentially expressed (132) . They confirmed that when the levels of these miRs were reduced, the levels of target mRNAs were increased. More importantly, similar to the animal studies, most of the miRs were also reduced in the smokers' airway epithelial cells.
In an intriguing study, Ezzie et al. (49) examined the differential expression of miRs and mRNAs in whole lung tissue extracts from smokers with and without COPD (49) . Using miR and mRNA arrays, they identified 70 miRs and 2,667 mRNAs that were differentially expressed (at least Ϯ1.5-fold) (49) . In this comparison, 13 miRs were reduced and 57 were increased in COPD. Interestingly, the levels of two miRs, miR-223 and miR-1274a, were higher in most COPD patients compared with smokers without obstruction (49) . This is particularly noteworthy given that studies by Oglesby et al. (106) suggest that 1) miR-223 is increased in vivo in bronchial epithelium of individuals carrying the ⌬F508 mutation, 2) functional inhibition of CFTR in vitro increases the expression of miR-223, and most importantly, 3) miR-223 downregulates CFTR expression (106) . On the basis of the increased levels of miR-223 in COPD patients, it is tempting to speculate that miR-223 contributes to reduced CFTR expression in COPD patients.
Using the previously generated miR profiles, Ezzie et al. (49) examined their predicted targets and associated regulatory pathways. They identified the transforming growth factor (TGF-␤) pathway as a potential player in the pathogenesis of COPD. TGF-␤ 1 levels have been shown to be elevated in the small airway epithelium of smokers and COPD patients (145) .
Furthermore, TGF-␤ 1 elevation appears to be important for recruiting macrophages into the airway epithelium of COPD patients (11, 41) . Again, the connection to CFTR is apparent given the recent data indicating TGF-␤ 1 -mediated reduction of CFTR biogenesis in primary HBEs (139) . Taken together, the results from several laboratories suggest that miRs may play an important role in regulating COPD and CF associated cellular pathways.
Recently, Hassan et al. (62) demonstrated that cigarette smoke and cadmium negatively regulate CFTR expression by affecting several steps in CFTR biogenesis (62) . Both cigarette smoke and cadmium upregulate miR-101 and miR-144, two miRs that they demonstrate directly target the 3= untranslated region of CFTR (62) . And finally, they demonstrated that miR-101 is more highly expressed in lung samples from COPD patients than controls (62) , providing another linkage between cigarette smoke, miRs, and decreased CFTR expression.
Summary and Future Directions
It is clear from the discussed studies that cigarette smoking leads to decreases in CFTR mRNA, protein, and function and contributes to mucus transport defects in patients with COPD and chronic bronchitis. The first in the sequence of events is the loss of chloride/bicarbonate channel activity, which alters mucus stasis and contributes to chronic bronchitis. Given the relatively moderate decrement in CFTR protein and function seen after cigarette smoke exposure, it is surprising that the effects on mucus clearance are so profound. Certainly the problem is exacerbated by the concomitant increase in mucin production that is also induced by cigarette smoking. However, airway hydration (23, 36, 138) , airway pH (110) , and viscosity of the airway mucus (44) are tightly regulated by CFTRmediated chloride/bicarbonate secretion, and these results may reflect that mucus transport and susceptibility to infection are critically tied to even modest CFTR functional abnormalities.
Understanding the underlying defect may lead to the development of several treatment strategies for COPD. The complicating factor is trying to understand all of the causative effects that cigarette smoke has on ion channel activity and how these alterations affect respiratory function. Although there is evidence that CFTR, calcium-activated chloride channels, and possibly ENaC activities are affected, questions remain as to what other ion channels are involved. Would stimulation of CFTR and inhibition of ENaC be a viable approach in conditions like chronic bronchitis or would stimulation of CFTR be sufficient to balance the normal hydration properties of airway epithelia? These and other questions need to be answered to fully identify potential treatment opportunities. Blocking the dehydration effects of cigarette smoke is one approach that has been tested. Clunes et al. (36) demonstrated that hypertonic saline restored ASL height in cigarette smoke-exposed, dehydrated airway cultures, and this treatment could be potentially employed in COPD patients (36) .
What other conditions are known to decrease CFTR activity? Heavy metals (62, 74, 122) , hypoxia (57), endoplasmic reticulum stress and the UPR (116) , accumulation of ceramide during the UPR (20, 64) , and miRs (106, 119) regulate CFTR expression. Data from these studies suggest that proinflammatory conditions reduce CFTR expression. Therefore, maneuvers to elevate CFTR expression or activity could be poten-tially therapeutic. In that regard, Ramachandran et al. (119) showed that treating airway cells with a miR-138 mimic enhanced CFTR mRNA levels, supporting the view that miRs could be therapeutic. To assist in prioritizing these strategies, a better understanding of CFTR dysfunction in vivo as well as a closer examination of former smokers with COPD that continue to exhibit chronic bronchitis are required.
Currently, there appears to be limited treatments for mucus hypersecretion since the mucolytic agents have failed to demonstrate any clinical benefit (43, 167) . There is evidence, however, that MARCKS-related peptide improves airway obstruction in a mouse model of mucus hypersecretion (7, 136) . This suggests that alternative approaches may provide some clinical benefit. Another recent study indicates that smokers with and without COPD have reduced lower airway CFTR activity compared with healthy nonsmokers (46) , lending further support for the therapeutic usefulness of CFTR activity enhancement protocols in diseases such as COPD. Clearly, fully understanding the regulatory mechanisms controlling ASL, mucus clearance, and the role of CFTR in the different regions of the lung should provide a roadmap for potential therapeutic interventions in future COPD therapies. Nevertheless, these recent studies are very encouraging and could open novel therapeutic avenues for this common and devastating disease. 
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